Abstract: Management of rice residue in paddies often results in higher methane (CH 4 ) 1 emissions, but the carbon (C) sources contributing to higher emissions are not well characterized.
Introduction

23
The demonstration of soil C priming from crop residues under aerobic decomposition has 24 been studied extensively (Chen et al., 2014; Keiluweit et al., 2015; Kuzyakov, 2010; Qiao et al., 25 2014; Zhu and Cheng, 2011) . However, the priming effect in anaerobic systems, such as rice 26 fields, has received much less attention. Paddy soils are important sources of atmospheric 27 methane (CH 4 ), a potent greenhouse gas with a global warming potential 28 to 34 times greater 28 than CO 2 over 100 years (Myhre et al., 2013) , contributing up to 19% of global total emissions 29 (Forster et al., 2007) . Crop residue management (retention) often leads to increased CH 4 30 emissions (Bossio et al., 1999; Ye et al., 2015) , but the role it plays in the priming of soil organic 31 carbon (SOC) as a source for CH 4 production is not well established, due not only to the lack of 32 studies but the lack of a reliable method to partition sources of CH 4 (Conrad et al., 2012b ; Yuan 4 C isotope fractionation. This method assumes that overall C isotope fractionation associated 46 with CH 4 production is reflected proportionately in CH 4 generated from natural abundance 13 process.
54
The CNAM provides a convenient approach to partition CH 4 production sources between 55 SOC and plant residues, and can be potentially employed in field investigations of the priming 56 effect induced by residue management under anaerobic processes (Conrad et al., 2012b) . This residues can be significantly different (Singh et al., 2011) . It is therefore hypothesized that in the with CH 4 production is the same for residue and SOC. The C values for rice residue, and ɛ RS, CH4 is the isotopic enrichment factor.
154
The ∆ 13 C values, i.e. δ treatments. The data were tested for normality and log-transformed if the transform resulted in 171 significant improvements in the overall distribution, except for the data of δ 
Results
175
3.1. CH 4 production rates
176
In the absence of residue, CH 4 production was generally less than 0.004, 0.013, and 177 0.921µmol g -1 d -1 in Soils 1, 2, and 3, respectively, for both experiments (Fig. 1 ). As expected, the rates were significantly enhanced by residue addition ( Figure 1 , Table 3 ) and showed a 179 typical pattern with a lag period at the beginning, followed by an accelerated phase and then a 180 plateau response. The duration of the lag period and time to reach maximum rates followed the 181 order of Soil 1 > Soil 2 > Soil 3 for each residue type. The CH 4 production rates were always the 182 highest in Soil 3, followed by Soil 2 and then Soil 1 after day 5.
183
In Soil 1, CH 4 production rates were generally highest after day 5 when maize was added, 184 though the difference was not always significant (Fig. 1a) . 
197
In Soil 1, ∆ 13 C residue, CH4 values were always higher in the maize treatment than in rice,
198
increasing from day 13 to 32, after the lag period had passed (Fig. 2b) contributed over 100% (Table 4) . However, these obvious discrepancies were not observed 207 when 13 C-enriched rice residue was used, with the fraction of total CH 4 derived from rice residue 208 ranging from 52 to 63%, 61 to 71%, and 52 to 67% in Soil 1, 2, and 3, respectively (Fig. 3) .
209
When C isotopic fractionation was considered by applying typical minimum (-10‰), average (- C-enrichment approach, with an average of 2%, 1%, and 3% difference, respectively, in the 212 value of the contribution of residue (Fig. 4) .
213
The CNAM frequently yielded values over 100% for CH 4 production derived from 214 different residues, and these values varied significantly across soil types and time (Fig. 3 , Table   215 3). In both Soil 2 and 3 the CH 4 yields were consistently the same when the same rice residue 216 was used with either maize residue in Equation 3 (Figs. 3b, c) . However, when the same maize 217 residue was used with either rice residue the yields were not always the same. The residue-induced increase in CH 4 production from SOC increased almost linearly 220 from day 6 to 32 in Soil 3, while there was a lag period in both Soil 2 and 1 (Fig. 5a ).
221
Consequently, cumulative production was highest in Soil 3, followed by Soil 2 and Soil 1. The priming effect (i.e. residue-induced increase in CH 4 production from SOC relative to the control 223 production) varied significantly across soils during the entire experiment (Fig. 5b) . In Soil 1, the 224 priming effect was minimal from day 6 to 10, but increased rapidly after day 10. During the 225 same period, the priming effect ranged from 33 to 37 in Soil 3, but decreased gradually from day 226 10 to the end of the experiment. The priming effect in Soil 2 did not change from day 6 to 15,
227
ranging from 10 to 14, but increased sharply from day 15 to 22 and then leveled off. Despite all 228 the differences across soil type and time, cumulative primed CH 4 production was highly 229 correlated to CH 4 derived from residue (R 2 = 0.97, p < 0.01, Fig. 6 ). (Fig. 1) . As expected, CH 4 production followed a typical pattern with a lag period,
236
followed by an exponential increase and then a plateau response (Segers and Kengen, 1998 et al., 1998; Ye et al., 2015) . In the present study, the difference in duration of the lag 242 period among the three soils ( Fig. 1) and Kengen, 1998).
250
Addition of maize residue caused higher CH 4 production than rice residue in all soils, 251 especially in Soils 2 and 3 ( Fig. 1) , suggesting higher available C in maize, likely due to its lower 252 C to N ratio compared to rice ( the present study, maize residue was different than rice residue in its total C content and C to N ratio (Table 1 ) and extent which they induced methanogenic activity (Fig. 1) production from maize and rice residues can be substantially different. 286 yielded an average of < 3% difference in the fractions of total CH 4 derived from residue,
287
regardless of the values of enrichment factor (Fig. 4) . It is thus apparent that the high 13 C content 288 of Rice 4 surpassed the relatively small effects of different fractionation factors, ensuring 289 accurate estimation of the contribution of residue to total CH 4 production.
290
The CNAM frequently yielded over 100% contribution from residue in all soils examined 291 (Fig. 3) , a result also observed by Conrad et al. (2012b) . In the present study, partitioning was 292 also quantified with random combinations of rice (i.e. Rice 2 and 3) and maize (i.e. Maize 2 and 293 3) residue in both Soil 2 and 3. However, the results were not always the same in each soil 294 during the entire experiment, especially when different rice residues were used (Figs. 3b, c) ,
further indicating that the CNAM did not provide reliable partitioning outcomes and that the type 296 of residue is in fact important. As discussed above, C isotopic fractionation associated with CH 4 297 production from rice and maize residue appeared to be substantially different in all soils (Figs. 
300
In spite of these potential shortcomings, our results reinforce the notion of Conrad et al.
301
(2012b) that the general approach to quantify the C sources responsible for CH 4 production 302 requires careful consideration of associated enrichment factors as exemplified in Equation 2.
303
The great utility of the CNAM is that it provides a new approach to avoid measurement of 13 C 304 enrichment factors for CH 4 production from plant residues (Conrad et al., 2012b Bossio et al., 1999; Chidthaisong and Watanabe, 1997; Sander et al., 2014; Zhang et al., 2013) .
314
Nonetheless, less has been done to quantify the priming effect of crop residues during anaerobic 315 decomposition processes and CH 4 production (Conrad et al., 2012b; Ye et al., 2015; Yuan et al., 316 2014). It has been reported that rice residue addition causes a non-linear response in CH 4 317 production and timing and direction of priming effect under changing concentrations of electron 318 acceptors and methanogenic pathways (Ye et al., 2015; Yuan et al., 2014) . In the present study, 319 the amount of electron acceptors followed the order Soil 1 > Soil 2 > Soil 3 (Table 2) , which 320 manifested itself in CH 4 production patterns throughout the experiment (Fig. 1) . To understand 321 how this electron acceptor gradient affects the priming effect, we used the partitioning outcomes 322 from the 13 C-enrichement method to calculate it. The priming effect of residue on CH 4 323 production from SOC was always positive and decreased when moving up the electron acceptor 324 concentration gradient from Soil 3 to 1 (Fig. 5a ). However, when expressed relative to CH 4 325 production in the controls, the magnitude of priming effect followed the order Soil 3 > Soil 2 >
326
Soil 1 from day 6 to 10, but reversed after day 15 (Fig. 5b) , largely mirroring the dynamics of 327 CH 4 production during the same period (Fig. 1) . It is therefore apparent that the changes in 328 priming effect essentially resulted from changes in methanogenic activity, which was suppressed 329 by the presence of various electron acceptors at the beginning of the experiment, increased after 330 the complete exhaustion of electron acceptors, but again became limited by substrate supply as 331 the mineralization of SOC declined later in the experiment, a phenomenon described in previous 332 studies ( Segers and Kengen, 1998; Ye et al., 2015) . Our results suggest that the priming effect of 333 residue on CH 4 production from SOC is essentially substrate-dependent and can be influenced by 334 many microbial processes that underlie the generation and consumption of methanogenic substrates (Ye et al., 2015; Yuan et al., 2014) , which may greatly complicate the evaluation of 336 management outcomes and prediction of CH 4 production and emission. However, despite these 337 uncertainties, SOC-derived CH 4 and the portion primed by residue were well correlated to the 338 cumulative production of CH 4 from residue (Fig. 6) derived from SOC and residue (Chidthaisong and Watanabe, 1997; Ye et al., 2015) . Therefore,
343
the ratio between CH 4 production from SOC and residue was likely affected by the amount of 344 fermentative production between the two C sources. Our results suggest that, despite the large 345 difference in the priming effect and CH 4 production across soil types and time, the priming effect
346
of CH 4 production may be easily estimated from the decomposition of residue (Fig. 6 ).
347
Conclusion
348
The ability to quantify the priming effect on CH 4 production depends on reliable methods 349 to partition C sources. It is evident from our results that both the traditional Residue-derived CH 4 production (µmol g -1 dry soil)
SOM-derived Primed
